We investigated cardiac hypertrophy elicited by rosiglitazone treatment at the level of protein synthesis/ degradation, mTOR, MAPK and AMPK signalling pathways, cardiac function and aspects of carbohydrate/ lipid metabolism. Hearts of rats treated or not with rosiglitazone (15 mg/kg day) for 21 days were evaluated for gene expression, protein synthesis, proteasome and calpain activities, signalling pathways, and function by echocardiography. Rosiglitazone induced eccentric heart hypertrophy associated with increased expression of ANP, BNP, collagen I and III and fibronectin, reduced heart rate and increased stroke volume. Rosiglitazone robustly increased heart glycogen content (∼ 400%), an effect associated with increases in glycogenin and UDPG-PPL mRNA levels and glucose uptake, and a reduction in glycogen phosphorylase expression and activity. Cardiac triglyceride content, lipoprotein lipase activity and mRNA levels of enzymes involved in fatty acid oxidation were also reduced by the agonist. Rosiglitazone-induced cardiac hypertrophy was associated with an increase in myofibrillar protein content and turnover (increased synthesis and an enhancement of calpain-mediated myofibrillar degradation). In contrast, 26S β5 chymotryptic proteasome activity and mRNA levels of 20S β2 and β5 and 19S RPN 2 proteasome subunits along with the ubiquitin ligases atrogin and CHIP were all reduced by rosiglitazone. These morphological and biochemical changes were associated with marked activation of the key growth-promoting mTOR signalling pathway, whose pharmacological inhibition with rapamycin completely blocked cardiac hypertrophy induced by rosiglitazone. The study demonstrates that both arms of protein balance are involved in rosiglitazone-induced cardiac hypertrophy, and establishes the mTOR pathway as a novel important mediator therein.
Introduction
Rosiglitazone and pioglitazone, two potent synthetic agonists of the peroxisome proliferator-activated receptor γ (PPARγ), are members of the thiazolidinedione (TZD) family of insulin-sensitizing compounds that are widely used in the treatment of insulin resistance and type 2 diabetes, two major risk factors for cardiovascular disease [1] .
The overall outcome of the beneficial action of TZDs on insulin sensitization is confounded by untoward side effects such as weight (fat) gain, renal fluid retention with consequent edema and blood volume expansion, and perhaps cardiac dysfunction [2] . The impact of PPARγ activation on the heart has recently become of particular concern in the light of a meta-analysis of clinical reports suggesting increased risk for acute cardiac events in diabetic patients treated with rosiglitazone [2] . This issue adds up to existing concern related to possible deleterious effects of PPARγ activation on cardiac hypertrophy and heart failure in patients with pre-existing cardiac function impairment [3] .
PPARγ is expressed at moderate levels in rodent hearts and its activation by TZDs has been contradictorily associated with either inhibition or stimulation of heart hypertrophy. More specifically, PPARγ agonists were demonstrated to inhibit cardiomyocyte hypertrophy induced in vitro by angiotensin II and mechanical stress [4, 5] and in vivo by aortic constriction [5] , a model of pressure-induced cardiac enlargement. Supporting this putative inhibitory role of PPARγ towards heart hypertrophy, both heart-specific deletion and heterozygous mutation of PPARγ were demonstrated to, respectively, induce cardiac hypertrophy [6] and exacerbate the hypertrophic response to aortic constriction [5] .
Paradoxically, several studies in rodent models have reported robust cardiac hypertrophy following relatively short-term treatment with PPARγ agonists, which has mainly been attributed to the increase in blood volume and consequent cardiac overload induced by these compounds [4, [6] [7] [8] . The very recent findings, however, that cardiac PPARγ overexpression induces heart hypertrophy [9] characterized by increased left ventricular systolic dimension (dilated cardiomyopathy) suggest that PPARγ might have specific roles in the development of different types of heart remodelling.
Independently of the underlying cause, cardiac hypertrophy consists of the addition of new sarcomeres in parallel (concentric hypertrophy) or in series (eccentric hypertrophy) due to a positive balance between myofibrillar protein synthesis and degradation (proteolysis). Although several signalling pathways such as mitogen-activated protein kinases (MAPKs), among others, are involved in the development of cardiac hypertrophy, the mammalian target of rapamycin (mTOR) pathway, due to its role in promoting protein synthesis and regulating cell size, has recently emerged as a crucial regulator of heart remodelling. mTOR stimulates protein synthesis by activating p70 ribosomal S6 kinase (S6K) and by inhibiting eukaryotic translation initiating factor 4E (eIF4E) binding protein (4E-BP), a repressor of translation initiation [10] . mTOR has been implicated in several types of cardiac hypertrophy, including those induced by aortic constriction [11] , thyroid hormones [12] and aerobic exercise [13] .
In addition to synthesis, protein degradation mediated by the calpain/calpastatin and ubiquitin/proteasome systems, the major proteolysis pathways in the heart, has an important role in protein turnover and cardiac remodelling [14, 15] . Whereas the calpain/ calpastatin system comprises two calcium-dependent proteases and their endogenous allosteric inhibitor calpastatin, which are mainly localized in cardiac myofibrillar Z-discs [16] , the proteasome system is a cytosolic multiplex of proteases that recognizes and hydrolyses polyubiquitinated proteins.
Considering the importance of protein turnover in heart remodelling and the relevance of TZDs to clinical practice, this study investigated the involvement of protein synthesis/degradation, mTOR, MAPK and AMP-activated protein kinase (AMPK) signalling pathways and associated changes in carbohydrate/lipid metabolism and heart function in cardiac hypertrophy elicited by chronic rosiglitazone administration. Finally, rosiglitazone treatment was combined with rapamycin, a potent mTOR inhibitor, to delineate the contribution of the mTOR signalling pathway in the cardiac hypertrophy induced by rosiglitazone.
Methods

Animals and treatments
Male Sprague-Dawley rats (200-225 g) (Charles River Laboratories, St. Constant, QC, Canada) were housed at 23 ± 1°C with a 12:12 h light-dark cycle. Animal handling was in conformance with the Canadian Guide for the Care and Use of Laboratory Animals. All experimental procedures received prior approval of our animal care committee. Rats were fed a non-purified powdered rodent diet (Charles River Rodent Diet #5075, Woodstock, ON, Canada) alone (control) or supplemented with the PPARγ agonist rosiglitazone (AVANDIA) at a dose of 15 mg/kg day for 21 days. This dose of rosiglitazone was found in a preliminary dose-response study to be the lowest dose showing heart hypertrophy associated with redistribution of fat from visceral toward subcutaneous adipose depots, a hallmark of PPARγ agonist treatment in humans [17] . In a second protocol, control and rosiglitazone-treated rats were simultaneously treated for 15 days with daily injections of vehicle or rapamycin (2 mg/kg day, ip) in DMSO (1%) and suspended in carboxymethyl cellulose (0.2%). The dose of rapamycin was chosen based on previous studies showing its efficiency to completely block the mTOR pathway in rats and mice, such dose being within the rage of those used in human studies [18, 19] . An extra group of rats was matched by weight and killed at day 0 of treatment to allow the estimation of heart weight gain by the various treatments. In both protocols, food intake was determined every other day by subtracting the amount of food remaining in the feeders from food initially provided. Unless otherwise specified, rats were killed in the fed state between 08:00 and 10:00 by anesthetic overdose and the heart was rapidly harvested and frozen in liquid nitrogen.
Serum determinations
Serum glucose concentration was measured by the glucose oxidase method. Serum insulin was determined by radioimmunoassay (Linco Research, St. Charles, MO). Serum triglycerides (Roche Diagnostics, Montreal, QC, Canada) and non-esterified fatty acids (NEFA C test kit, Wako, Richmond, VA) were measured enzymatically.
Plasma volume
Plasma volume was estimated in isoflurane-anesthetized rats by measuring Evans blue dilution after its intravenous injection as previously described [20] .
Heart composition, lipoprotein lipase and glycogen phosphorylase activities
Heart DNA content was determined using a commercial kit (DNeasy tissue kit, Qiagen, Mississauga, ON, Canada). Cardiac glycogen content was measured exactly as previously described [21] . Heart triglyceride content was determined enzymatically (Trig/ GB, Roche Diagnostics, Montreal, QC, Canada) in total lipid extracts prepared as previously described [22] . Heart lipoprotein lipase (LPL) activity was measured by incubating 100 μl of heart homogenates for 1 h at 28°C with 100 μl of a substrate mixture consisting of 0.2 mol/l Tris-HCl buffer, pH 8.6, which contained 10 MBq/l [carboxyl- 14 C]triolein (Amersham, Oakville, ON, Canada) and 2.52 mmol/l cold triolein emulsified in 50 g/l gum arabic, as well as 20 g/l fatty acid-free bovine serum albumin, 10% porcine serum as a source of apolipoprotein C-II, and either 0.2 or 2 M NaCl. Free oleate released by LPL was then separated from intact triolein, and sample 14 C radioactivity was determined in a scintillation counter. LPL activity was calculated by subtracting lipolytic activity determined in a final NaCl concentration of 1 M (non-LPL activity) from total lipolytic activity measured in a final NaCl concentration of 0.1 M. LPL activity was expressed as microunits (1 μU = 1 μmol NEFA released per hour of incubation at 28°C). Heart glycogen phosphorylase (PyGM) activity was measured as previously described [23] . Briefly, hearts were homogenized in ice-cold buffer (100 mM Na 2 HPO 4 , 100 mM KH 2 PO 4 , 2 mM EDTA and 1 mM PMSF), centrifuged and the supernatant was collected and used for enzyme assay. PyGM activity was estimated by the reduction of NADP to NADPH in a spectrophotometer at 25°C with wavelength of 340 nm for 15 min. The reaction medium was composed of 50 mM triethanolamine, 10 mM Na 2 HPO 4 -KH 2 PO 4 , 5 mM EDTA, 10 mM MgCl 2 , 10 mM L-cysteine, 2 mM AMP, 0.3 mM NADP, 0.05 mM glucose 1-6 diphosphate, 1 U/sample glucose 6-phosphate dehydrogenase (G6PDH), 5 U/sample phosphoglucomutase and 0.4 mg/ sample glycogen.
Heart glucose uptake
The rate of glucose uptake by the heart was estimated in vivo essentially as previously described [24, 25] H-glucose in a liquid-scintillation counter (Tri-Carb 2900TR, PerkinElmer, IL). After 60 min, rats were killed by overdose of ketamine/xylazine and tissues were used for determining the content of 2-deoxy- [1] [2] [3] H]glucose 6-phosphate. Rates of glucose uptake were calculated as previously described [25] . Blood glucose levels did not significantly change during the sampling period in either group, a requirement of the technique used.
Glycogen staining
Sections from paraffin-embedded mid-left ventricles were stained using periodic acid-Schiff (PAS) following supplier's protocol (Sigma Markham, Ontario, CA). Briefly, sections were de-paraffinized, hydrated and immersed in periodic acid solution. The slides were then rinsed and immerged in Schiff's reagent for 15 min at 25°C. Negative control slides were treated with α-amylase before glycogen staining.
RNA extraction and analysis
Heart total RNA isolation, reverse transcription and quantification by real-time polymerase chain reaction (PCR) were carried out as previously described [27] . Primers used for the PCR reactions are described in Electronic Supplemental Table S1 . Data are expressed as the ratio between the expression of the target gene and the housekeeping gene 36B4, the expression of which is not significantly affected by rosiglitazone or rapamycin treatment.
In vivo protein synthesis
Rates of heart protein synthesis were measured in vivo with a flooding dose of 3 H-phenylalanine (15-30 Ci/mmol, 150 mM, 1 ml/ 100 g body weight) injected into the jugular vein essentially as previously described [28, 29] . Hearts were processed for analysis of phenylalanine incorporated into different protein fractions exactly as previously described [29] . Briefly, whole hearts were homogenized in ice-cold water (200 mg/ml) and portions of 1 ml were either immediately precipitated with perchloric acid or destined for protein fractionation (see below). The acid supernatant was used for determination of free phenylalanine, whereas the pellet was subjected to alkali digestion before protein measurement by the bicinchoninic acid method (BCA protein assay kit, Rockford, IL, USA). Proteins were then re-precipitated, hydrolyzed and incubated with tyrosine decarboxylase to obtain the specific radioactivity of phenylalanine in the various protein fractions.
Heart proteins were fractionated by mixing with a low ionic buffer (10 mM imidazole, 60 mM KCl, 0.5 mM EGTA, 4 mM MgCl 2 , 1 mM sodium azide, 1 mM dithiothreitol, and 0.5% (v/v) Triton X-100, pH 7.0) and centrifuged at 2000 ×g for 15 min at 4°C. The supernatant (sarcoplasmic fraction) was decanted and the pellet was disrupted in a high ionic strength buffer (100 mM K phosphate monobasic, 50 mM K phosphate dibasic, 300 mM KCl, 1 mM EDTA and 5 mM ATP, pH 6.3) and centrifuged. The supernatant (myofibrillar fraction) was decanted and the remaining pellet constituted the stromal fraction. All three fractions were processed as described above.
26S β5 (chymotryptic) proteasome activity
Heart 26S β5 (chymotryptic) proteasome activity was measured as previously described [30] [31] [32] . Briefly, heart samples were homogenized using a Polytron homogenizer in buffer A (20 mM Tris, 20 mM KCl, 10 mM Mg acetate, 2 mM DTT, 10% glycerol, pH 7.6). The soluble protein fraction was isolated by centrifugation at 30,000 ×g for 30 min at 4°C. The pellet was discarded and the supernatant fraction was centrifuged again at 100,000 ×g for 6 h. The supernatant fraction was discarded and the pellet was carefully washed in fresh buffer A, which was also discarded. The washed pellets were re-suspended in 1 ml of buffer A. Proteasome activity was measured by the release of 7-amino-4-methylcoumarin from Suc-LLVY-7-amido-4 methylcoumarin (Sigma-Aldrich, Poole, UK). Aliquots of each sample were incubated with an equal volume of reaction mixture containing 100 mM Tris (pH 7.5), 20 mM MgCl 2 , 0.5 mM DTT, and 0.1 mM peptide substrate. In the presence of MgCl 2 , the proteasome has enough ATP to show proteolytic activity [33] . The reaction was allowed to proceed for 30 min at 37°C and stopped by the addition of 1 ml 0.1 M Na borate and 80 μl of 20% (w/v) SDS. The product was measured at an emission wavelength of 440 nm (λ excitation = 380 nm) using slit widths for excitation = 5 nm, and emission = 10 nm.
Calpain activity
Heart calpain activity was measured with a kit from BioVision (BioVision Research Products, CA). Briefly, hearts were homogenized in the extraction buffer provided in the kit and centrifuged at 10,000 ×g, 4°C for 5 min. The supernatant was collected and destined for protein measurement with bicinchoninic acid method. Calpain activity assay was performed in quadruplicates with 200 μg of heart protein in the presence or absence of calpain inhibitor Z-LLY-FMK (BioVision, final concentration 50 μM). Reaction was carried out at 37°C in the dark for 1 h and fluorescence was read in a microplate fluorescence reader (BioTek Instruments, Winooski, VT) with 400 nm excitation and 505 nm emission. Active human calpain (BioVision) was used as a positive control. Calpain activity was calculated by the difference of relative fluorescence units (RFU) of samples in the presence and absence of calpain inhibitor.
In addition to the proteolytic enzymes described above, the activity of lysosomal cathepsins D and L was quantified as described in the Electronic Supplemental Material.
Protein quantification by Western blot
Because the signal transduction pathways investigated in the present study are profoundly affected by the nutritional status, in an attempt to standardize metabolic conditions and reduce interindividual variability, control and rosiglitazone-treated rats were killed after a 12-h fast followed by 3 h of refeeding. Frozen hearts were homogenized in lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EGTA, 20 mM β-glycerophosphate, 1% NP-40, 10 mM NaF, 2 mM Na 3 VO 4 and a cocktail of protease inhibitors), subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, blocked for 1 h and incubated overnight at 4°C with primary antibodies. After washing, membranes were incubated with immunoglobulin G conjugated to horseradish peroxidase, washed again and the immunoreactive bands were detected by the enhanced chemiluminescence method. Densitometric analysis was performed with ImageQuant TL software (GE Healthcare, Little Chalfont, UK). Antibodies used in the Western blots are described in the Electronic Supplemental Material.
Echocardiography
Echocardiographic analysis was performed using a 12 MHz phased-array transducer coupled to a Sonos 5500 echocardiography ultrasound (Philips Medical Imaging, Andover, MA) as previously described [34] . Stroke volume was calculated by pulsed Doppler in the left ventricular outflow tract. Ejection fraction was calculated as previously described [35] . Diastolic filling pattern was evaluated from the E wave to A wave (E/A) ratio of the mitral pulsed Doppler flow at the tip of mitral leaflets. Relative wall thickness was calculated as the ratio of the sum of diastolic septal and posterior wall thicknesses to left ventricular end-diastolic diameter. Left ventricular (LV) mass was calculated with the following formula:
where EDD is the end-diastolic diameter, PW is the posterior wall thickness and SW is the septal wall thickness. LV ejection time (ET) was measured from the beginning to end of the aortic flow wave. Mitral flow was recorded at the tip of the mitral valve from an apical view using Doppler. Maximal velocity and velocity-time integral (VTI) of the E wave were measured and the isovolumic relaxation time (IVRT) was measured as the interval between aortic closure and the start of mitral flow. The myocardial performance index (MPI), which is inversely related to combined systolic and diastolic myocardial performance, was calculated as previously described [36] . Early lateral mitral annulus movement (E a ) was recorded as previously described [37] . The E wave-to-E a ratio (E/E a ) is reported as an index of filling pressures.
Norepinephrine turnover
Heart norepinephrine (NE) turnover rates (NETO) were estimated from the decline in tissue NE content after inhibition of catecholamine synthesis with DL-α-methyl-tyrosine ester (α-MT; Sigma, St. Louis, MO) as previously described [27] . Rates of NETO were calculated as the product of the fractional turnover rate (k) and the endogenous NE content at time 0 as previously described [38] . Fractional turnover rate (k) was calculated by the formula: 
Statistical analysis
Results are expressed as means ± SEM. Simple effects of rosiglitazone treatment were analyzed by Student's unpaired t test. When appropriate, factorial ANOVA followed by Newman-Keuls' multiple range test was used for multiple comparisons. P b 0.05 was taken as the threshold of significance.
Results
Final body weight, body weight gain, food intake and efficiency were not significantly affected by rosiglitazone treatment (Table 1) . Confirming its beneficial effects on insulin sensitivity and lipemia, rosiglitazone significantly reduced fasting serum glucose (−7%), insulin (−48%), triglyceride (−61%), and non-esterified fatty acid (−60%) levels. Also as expected, rosiglitazone significantly increased adiponectin levels (4-fold) and plasma volume (+18%), and reduced hematocrit (−13%).
As summarized in Table 2 , rosiglitazone markedly increased heart weight expressed as either absolute (+30%) or relative to both body weight (+23%) or tibia length (+33%), indicating that rosiglitazoneinduced heart remodelling was not related to changes in overall body growth. The rosiglitazone-induced increase in heart weight was due to a similar growth of all heart chambers as evidenced by the increased weight of left and right ventricles (+25%), and right (+57%) and left (+42%) atria that were confirmed by echocardiography (Electronic Supplemental Table S2 ). Rosiglitazone-induced heart remodelling was associated with a significant increase in cardiac DNA content per unit of tissue weight (+ 55%), and mRNA levels of atrial natriuretic peptide 1 (ANP, + 142%, Table 2 ) and type B natriuretic peptide (BNP, +106%, Table 2 ), two markers of heart hypertrophy. Furthermore, collagen I and III and fibronectin mRNA levels were significantly higher in rosiglitazone-treated rats compared to controls (Table 2) . No notable change, however, was observed in the overall ventricular amount of fibrosis in rosiglitazone-treated rats (not shown). Moreover, such morphological changes did not affect left ventricular ejection fraction as evaluated by echocardiography (Table 3) . Rosiglitazone treatment significantly decreased heart rate (−10%) and tended (P = 0.1) to increase stroke volume (+ 10%), such that no change in cardiac output ensued. Rosiglitazone increased the E/A (+33%) and E/E a (+18%) ratios, and the MPI, a composite negative index of general myocardial performance, tended to be increased (P = 0.07) in rosiglitazonetreated rats. These functional changes were associated with reduced heart sympathetic activity as evidenced by reduced cardiac NE levels and NETO of rosiglitazone-treated rats compared to controls. Table 2 Heart chamber weight, DNA content and cardiac mRNA levels of atrial natriuretic and Btype natriuretic peptides (ANP and BNP, respectively) and extracellular matrix components in control and rosiglitazone-treated rats.
Control Rosiglitazone
Heart weight, g 1.06 ± 0.03 1.37 ± 0.03 ⁎ Heart (% bw) 0.26 ± 0.01 0.32 ± 0.01 ⁎ Heart weight/tibia length (mg/mm) 18.2 ± 0. As depicted in Fig. 1 , rosiglitazone markedly enhanced heart glycogen deposition as evidenced by the increase in glycogen content per g of tissue (+344%, Fig. 1A ) and histological glycogen labelling of heart sections (Fig. 1B) . Glycogen accumulation was associated with an increase in cardiac mRNA levels of proteins involved in glycogen synthesis glycogenin (+90%) and UDP-linked glucose pyrophosphorylase (UDPG-PPL, +40%) without affecting those of glycogen synthase (GyS1) (Fig. 1C) . Regarding glycogenolysis, rosiglitazone significantly decreased glycogen phosphorylase (PyGM) mRNA levels and activity (−16 and −27%, respectively, Figs. 1C and D) . No change was seen in the content of either phosphorylated glycogen synthase (GS) or glycogen synthase kinase 3 α/β (GSK3), a covalent regulator of GS activity (Figs. 1E and F) . Because constitutive activation of the AMPK pathway in the heart is associated with increased cardiac glycogen stores [39] , we next evaluated the effects of rosiglitazone treatment on components of this signalling pathway. Cardiac AMPK was positively affected by rosiglitazone as revealed by increased phosphorylation of AMPK (Thr172) and of its downstream target acetyl CoA carboxylase (ACC, Ser79) (Fig. 2F) .
In contrast to glycogen deposition, PPARγ agonist-induced heart remodelling was associated with a significant reduction in cardiac TG content (−18%, Fig. 2A ) along with a decrease in the activity and mRNA levels of LPL (− 45% and 18%, respectively, Figs. 2B and D) . With regard to proteins involved in fatty acid uptake and transport, rosiglitazone significantly increased mRNA levels of FAT/CD36 (+40%) without affecting those of the fatty acid transporter protein 1 (FATP1) and fatty acid binding protein 3 (FABP3) (Fig. 2D) . In association with heart TG levels, rosiglitazone significantly reduced mRNA levels of acetyl-coenzyme A dehydrogenase medium chain (ACADM, −42%) and very long chain (ACADVL, −31%), proteins involved in fatty acid oxidation, without affecting those of carnitine palmitoyltransferase 1 (CPT1), acetyl-coenzyme A dehydrogenase long chain (ACADL), or pyruvate dehydrogenase kinase 2 (PDK2) (Fig.  2E) . A trend towards a decrease in peroxisome proliferator-activated receptor α (PPARα) mRNA levels was observed (−28%, P = 0.06, Fig.  2E ). Regarding carbohydrate metabolism, rosiglitazone markedly increased cardiac glucose uptake (+65%, Fig. 2C ) and mRNA levels of glucose 6-phosphate dehydrogenase (G6PDH, +33%, Fig. 2F ). In contrast, lactate dehydrogenase (LDH) mRNA levels were significantly decreased (− 20%, Fig. 2F ) by rosiglitazone.
Rosiglitazone-induced heart remodelling was associated with changes in cardiac protein metabolism as evidenced by the increase in total heart content of myofibrillar (+38%), sarcoplasmic (+36%), and stromal (+ 26%) protein fractions ( Table 4) . Synthesis of myofibrillar protein was significantly increased by rosiglitazone as evidenced by the higher rates of protein synthesis expressed both per unit RNA (+ 34%) and as absolute rate (+ 69%). In addition, rosiglitazone tended to increase the percentage of myofibrillar protein renewed each day (fractional rate, + 24%, P = 0.07). No significant change was seen in the rate of sarcoplasmic or stromal protein synthesis expressed either as fractional or as relative to RNA, whereas stromal absolute rate was significantly increased (+ 34%) by rosiglitazone.
Regarding proteolysis, rosiglitazone markedly increased heart calpain activity (+ 63%) and reduced mRNA levels and protein content of calpastatin (− 33% and −25%, respectively), an endogenous allosteric inhibitor of calpains 1 and 2, whose mRNA levels were not altered by rosiglitazone (Figs. 3A-C) . With respect to the lysosomal proteolytic pathway, rosiglitazone did not significantly affect activities and mRNA levels of cathepsin D and L (Electronic Supplemental Fig. S1 ). In contrast to calpain and lysosomal proteolysis, rosiglitazone markedly decreased 26S β5 (chymotryptic) proteasome activity (− 57%, Fig. 3 ) and mRNA levels of 20S β2 (−20%) and β5 (−60%) and 19S regulatory particle non-ATPase (RPN) 2 (− 35%) proteasome subunits (Figs. 3D and E). Protein content of β5 was also reduced by rosiglitazone (−31%, Fig. 3H ). In addition, rosiglitazone reduced mRNA levels of the ubiquitin ligases atrogin-1 (− 26%) and carboxy terminus of Hsp70 interacting protein (CHIP, − 16%) (Fig. 3F ). The mRNA levels of genes coding for the 20S α1 and α7 and 19S regulatory particle triple A (RPT) 1 proteasome subunits and the ubiquitin ligases muscle-specific RING finger protein 1 (MuRF1) and E3-αII, along with the protein contents of α7 and RPT 1, were not affected by rosiglitazone (Figs. 3E-G and I) .
Concerning signalling pathways that target protein metabolism, rosiglitazone significantly increased heart content of phosphorylated mTOR (Ser2448) relative to controls (Fig. 4A) . Activation of the mTOR pathway by rosiglitazone was confirmed at the level of downstream mTOR substrates, as evidenced by the significant increase in phosphorylated S6K1, S6, and 4E-BP1 contents (Figs. 4B-D) . eEF2 phosphorylation (Thr56), however, was increased by rosiglitazone (Fig. 4E) . The level of phosphorylated Akt (Ser473) was not significantly affected by rosiglitazone (Fig. 4A) . Confirming a previous study [6] , rosiglitazone markedly increased phosphorylated cardiac active contents of P38 MAPK, extracellular signal-related kinase (ERK), and c-Jun N-terminal kinase (JNK) (Electronic Supplemental  Figs. S2A-C) .
In an attempt to determine the contribution of mTOR signalling to the cardiac remodelling induced by rosiglitazone, rats were concomitantly treated for 15 days with rosiglitazone and rapamycin, a potent mTOR inhibitor. As depicted in Fig. 5 , rapamycin completely blocked activation of the mTOR pathway induced by rosiglitazone, as evidenced by the abolition of the rosiglitazone-induced increase in cardiac phosphorylated contents of S6K1 and S6 (Figs. 5A and B) . In addition to the mTOR pathway, rapamycin blocked the increase in phosphorylated ERK induced by rosiglitazone, without affecting JNK or AMPK phosphorylation (Figs. 5C, E and F). In contrast, rapamycin further increased phosphorylated P38 in rosiglitazone-treated rats (Fig. 5D ). In association with these signalling pathways, rapamycin treatment completely blocked the increase in cardiac final weight, weight gain and ANP mRNA levels induced by rosiglitazone (Figs.  5G-I) . Furthermore, rapamycin treatment did not affect the decrease in hematocrit and only partially blocked the increase in BNP mRNA levels and plasma adiponectin induced by rosiglitazone (Figs. 5J, L and M) .
Discussion
The aim of the present study was to characterize rosiglitazoneinduced heart remodelling in an attempt to improve our understanding of its underlying mechanisms and consequences on heart function. Chronic rosiglitazone induced eccentric heart hypertrophy that was associated with increased expression of ANP and BNP and changes in heart function, including reduced heart rate and increased stroke volume. Rosiglitazone also robustly increased heart glycogen content, glycogenin and UDPG-PPL mRNA levels and reduced PyGM expression and activity. In association, activity of AMPK signalling was also increased by the agonist. Rosiglitazone-induced hypertrophy was associated with increased turnover of myofibrillar proteins due to increased synthesis and an enhancement of calpain-mediated myofibrillar degradation. Protein degradation through the ubiquitinproteasome appeared, however, to be reduced by rosiglitazone. These morphological and biochemical changes were associated with marked activation of the key growth-promoting signalling pathways MAPK 12.3 ± 0.9 12.9 ± 0.4 Synthesis per unit RNA (k RNA ), mg prot/(day mg RNA) 6.9 ± 0.6 7.6 ± 0.2 Absolute synthesis (V s , mg prot/day) 11.0 ± 0.7 14.8 ± 1.3 ⁎
Values are means ± SEM of 6 rats. ⁎ P b 0.05 versus control.
and especially mTOR, whose pharmacological inhibition with rapamycin resulted in a complete abolition of cardiac hypertrophy induced by rosiglitazone.
Confirming previous studies [6] [7] [8] , chronic rosiglitazone treatment was associated with a marked enlargement of all cardiac chambers. Hypertrophy, characterized as eccentric due to increased diastolic and systolic diameter and reduced relative wall thickness, was associated with a marked increase in tissue DNA content, probably due to multinucleation [40] , and cardiac levels of ANP and BNP, two markers of heart hypertrophy. Some remodelling of the extracellular matrix also appeared to occur as evidenced by the abnormally high mRNA levels of collagen I and III and fibronectin. Functional heart analysis revealed that rosiglitazone administration resulted in reduced heart rate associated with lower cardiac sympathetic activity, slightly higher stroke volume, and normal cardiac output. Furthermore, echocardiography was suggestive of slightly abnormal diastolic filling. Whether this might be translated into increased myocardial fibrosis and left ventricular dysfunction after longer exposure to rosiglitazone is unknown but clearly deserves further investigation.
In line with several pathological conditions leading to hypertrophic cardiomyopathy [39, 41] , rosiglitazone-induced heart remodelling was associated with a marked increase in cardiac glycogen content and mRNA levels of its protein primer glycogenin and of UDPG-PPL, an enzyme that generates UDP-linked glucose for glycogen synthesis. The absence of change in the phosphorylated content and mRNA levels of GS and its major regulator GSK-3, however, excludes covalent modification of this enzyme as a possible mechanism for this effect. Instead, given that PPARγ agonism increases in vivo heart uptake and utilization of glucose, as shown here and previously [7, 42] , rosiglitazone-induced glycogen accumulation might be due to a combination of allosteric activation of GS by high intracellular levels of glucose 6-phosphate and lesser recruitment of its intracellular stores, as supported by reduced mRNA levels and activity of the glycogenolytic enzyme PyGM observed here. Interestingly, rosiglitazone-induced glycogen accumulation was associated with increased activity of the AMPK signalling pathway, whose long-term pharmacologic [43] and genetic [39] activation has been associated with increased glucose uptake and glycogen storage by skeletal muscle and the heart, respectively. These data suggest a possible involvement of AMPK, likely activated by adiponectin, whose plasma levels are robustly increased by rosiglitazone, as a possible mediator of cardiac glycogen accumulation induced by PPARγ agonism.
In the normal heart, most of the ATP (approximately 60%) comes from the oxidation of fatty acids taken up from the circulation, mainly triglycerides. Previous studies have shown that PPARγ agonism brings about a shift from fatty acid towards glucose utilization in the rat heart [7, 42] . Congruent with these findings, rosiglitazone treatment was associated with a marked increase in heart glucose uptake and a reduction in LPL activity which provides fatty acids to the tissue by mediating lipolysis of circulating VLDL and chylomicron-TG. This was followed by a reduction in the expression of fatty acid oxidation genes and a trend toward an increase in those of glucose metabolism. In addition, mRNA levels of LDH, which converts pyruvate to lactate through anaerobic glycolysis, were reduced by rosiglitazone, suggesting a reinforcement of glucose flux toward oxidation via the Krebs cycle. Such a switch from fatty acids to glucose as the major source of energy substrate is frequently associated with the development of pathological cardiomyopathy [44] , and may be considered as a potential deleterious effect of rosiglitazone on cardiac metabolism.
Concerning protein metabolism, rosiglitazone-induced hypertrophy was associated with an increase in total heart content of sarcoplasmic, myofibrillar and stromal subcellular protein fractions. Analysis of in vivo synthesis, however, revealed that only myofibrillar protein synthesis was increased by rosiglitazone, indicating some degree of specificity of PPARγ agonism towards the contractile family of proteins. Rosiglitazone also tended to increase the percentage of myofibrillar protein renewed each day (fractional rate, + 24%, P = 0.07), suggesting a concomitant increase in the turnover of these proteins. Because proteasome cannot degrade intact myofibrils [45] , the calpains, a family of calcium-dependent proteases localized in the cardiac myofibrillar Z-disc that are under constant allosteric inhibition by calpastatin [46] , were suggested to catalyze myofibrillar proteolysis, releasing disassembled peptides to the cytosol for ubiquitination and final proteolysis by the proteasome. In agreement with an increase in myofibrillar protein turnover, rosiglitazone treatment resulted in a significant reduction in cardiac calpastatin mRNA levels and protein content along with a marked increase in calpain activity, suggesting activation of calpain-mediated myofibrillar proteolysis. In contrast to calpains, but in agreement with a previous study in skeletal muscle [47] , the β5 chymotryptic activity of the 26S proteasome was markedly reduced in rosiglitazonetreated rats along with the mRNA and protein levels of the 20S β5 proteasome subunits that was previously demonstrated to catalyze proteasome chymotryptic (cleavage of large hydrophobic groups) activity [48] . The mRNA levels of β2, which catalyzes proteasome tryptic (basic groups) activities, was also reduced by rosiglitazone [48] . In addition, rosiglitazone also decreased mRNA levels not only of the 19S RPN2 proteasome subunit, thought to participate in the recognition and binding of ubiquitin-like domains [48] , but also of the ubiquitin ligases atrogin-1 and CHIP, which ubiquitinate and label proteins for proteasome-mediated proteolysis. The mechanisms by which rosiglitazone differentially modulates proteasome subunits are unknown, but clearly deserve further investigation. Due to its importance in quality control of the protein synthesis process [49] , the marked reduction in 26S β5 (chymotryptic) proteasome activity found in rosiglitazone-treated rats, if not compensated by other proteolytic pathways, might result in accumulation of unfolded proteins, endoplasmic reticulum stress and worsening of cardiac function.
Investigation of signalling pathways that would explain the hypertrophic phenotype in rats under PPARγ agonist treatment revealed a marked activation of the mTOR pathway, as evidenced by increased levels of phosphorylated mTOR and its downstream substrates S6K1, S6, and 4E-BP1. By controlling the initiation of translation, which represents the limiting step in protein synthesis, mTOR can activate the assembly of the global ribosomal machinery and thus protein synthesis [50] . Of note is the fact that rosiglitazoneinduced mTOR activation was not associated with concomitant activation of Akt, a well-known activator of the mTOR pathway, suggesting that mTOR activation was not linked to increased hormonal/growth-promoting signals such as insulin. These findings are in line with a recent study showing that PPARγ agonism was equally effective in producing cardiac hypertrophy in mice devoid of the insulin receptor (CIRKO) [8] . Alternatively to canonical insulinmediated Akt stimulation, however, MAPK extracellular signalregulated kinase (ERK), which is markedly activated in the heart by rosiglitazone, might be involved in the concomitant activation of the mTOR pathway. ERK was previously demonstrated to activate mTOR targets such as S6K1 and eIF4E in a process that involves phosphorylation and inactivation of tuberous sclerosis complex (TSC) 2, an inhibitor of mTOR activity [51, 52] . Interestingly, rosiglitazone stimulation of ERK is dependent upon direct heart PPARγ activation [6] , suggesting a role for the receptor in the activation of mTOR pathway and stimulation of protein synthesis.
Another germane finding of the present study is the dichotomic activation of both the mTOR pathway and AMPK in the heart of rosiglitazone-treated rats, in apparent contradiction with the role of AMPK as an inhibitor of mTOR through activation of TSC 1 and 2 [53, 54] . It may be suggested, however, that AMPK activation might play a role in preventing excessive mTOR activation in cardiac muscle of rosiglitazone-treated animals. This could explain the elevated phosphorylation of eEF2 (hence reduced translational elongation) in the face of increased mTOR/S6K1 activation. Indeed, recent studies have shown that AMPK can inhibit eEF2-mediated translation despite mTOR/S6K1 activation in exercising/contracting skeletal muscles [55, 56] , suggesting that energy stress may override some hypertrophic translational signalling events.
Further supporting an important role of mTOR signalling in PPARγ-induced cardiac remodelling, pharmacological inhibition of mTOR with rapamycin completely blocked cardiac weight gain and increase in mRNA levels of the hypertrophic marker ANP induced by rosiglitazone. It is noteworthy that rapamycin blocked rosiglitazoneinduced heart hypertrophy even in the presence of volume overload as evidenced by the reduced hematocrit percentage, and of elevated plasma adiponectin levels, indicating that the rapamycin effects were not related to indirect changes in some of the previously suggested underlying causes of the hypertrophy. In addition, among the three MAPKs previously demonstrated to be activated and considered as possible mediators of cardiac remodelling induced by rosiglitazone [6] , rapamycin prevented heart hypertrophy even in the presence of either higher or unaltered phosphorylated contents of P38 and JNK, respectively. Only ERK had its activation by rosiglitazone blocked by rapamycin treatment. These data suggest that activation of both P38 and JNK, probably by volume overload and/or increased plasma adiponectin levels [6, 57, 58] , does not result in heart hypertrophy in the absence of mTOR activation, further supporting an important role of this signalling pathway in the development of rosiglitazoneinduced heart hypertrophy.
Whether activation of heart PPARγ has an inhibitory or a stimulatory role in the development of heart hypertrophy remains unresolved. Mice overexpressing PPARγ specifically in the heart display an eccentric cardiac hypertrophy with glycogen accumulation, heart dysfunction and increased ANP and BNP expression [9] , very similar to the heart remodelling induced by TZDs reported here and earlier [4, [6] [7] [8] , which supports a direct positive role for heart PPARγ in the development of this type of hypertrophy. Considering that , final heart weight (panel G) and weight gain (final heart weight minus time zero heart weight, panel H), mRNA levels of ANP (panel I) and BNP (panel J), hematocrit (panel K) and plasma adiponectin concentration (panel L) in rats treated or not with rosiglitazone (RSG, 15 mg/kg day) and co-treated with daily injections of either vehicle or rapamycin (2 mg/kg day) for 15 days. n = 6-8 rats per group. Means not sharing a common superscript are significantly different from each other by two way ANOVA followed by Newman-Keuls' multiple range test, P b 0.05. eccentric and concentric (in which PPARγ activation results in attenuation of hypertrophy [5] ) types of heart hypertrophy are mediated by completely different mechanisms and signalling pathways [57] , it would not be surprising that PPARγ might have opposite roles in these conditions. In fact, the only similarity between the effects of TZDs in a normal heart presented here and the model of pressure-induced hypertrophy [5] is a reduction in cardiac wall thickness. Further studies are clearly needed to delineate the specific roles of cardiac PPARγ in these different types of heart remodelling.
In conclusion, this study presents strong evidence supporting the notion that, beyond elevated glycogen storage, rosiglitazone-induced cardiac hypertrophy is characterized by a particularly marked increase in myofibrillar protein synthesis associated with activation of the hypertrophic signalling pathway mTOR that, independently of the underlying cause, plays a fundamental role in the development of such cardiac remodelling. It will be of great interest to establish whether the signalling pathways identified herein also partake in PPARγ action in the human heart, which expresses much higher levels (8-fold) of the receptor compared to rodents [9] .
